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Abstract
Purpose The assessment of water footprints of a wide range
of products has increased awareness on preserving freshwa-
ter as a resource. The water footprint of a product was
originally defined by Hoekstra and Hung (2002) as the
sum of the volumetric water use in terms of green, blue
and grey water along the entire life cycle of a product and,
as such, does not determine the environmental impact asso-
ciated with freshwater use. Recently, several papers were
published that describe building blocks that enable assess-
ment of the site-specific environmental impact associated
with freshwater use along the life cycle of a global food
chain, such as the impact on human health (HH), ecosystem
quality (EQ) or resource depletion (RD). We integrated this
knowledge to enable an assessment of the environmental
impact associated with freshwater use along the life cycle of
milk production, as a case for a global food chain.
Material and methods Our approach innovatively combined
knowledge about the main impact pathways of freshwater
use in life cycle assessment (LCA), knowledge about site-
specific freshwater impacts and knowledge about modelling
of irrigation requirements of global feed crops to assess
freshwater impacts along the life cycle of milk production.
We evaluated a Dutch model farm situated on loamy sand in
the province of Noord-Brabant, where grass and maize land
is commonly irrigated.
Results and discussion Production of 1 kg of fat-and-protein
corrected milk (FPCM) on the model farm in Noord-Brabant
required 66 L of consumptive water. About 76 % of this water
was used for irrigation during roughage cultivation, 15 % for
production of concentrates and 8 % for drinking and cleaning
services. Consumptive water use related to production of
purchased diesel, gas, electricity and fertiliser was negligible
(i.e. total 1 %). Production of 1 kg of FPCM resulted in an
impact on HH of 0.8×10−9 disability adjusted life years, on
EQ of 12.9×10−3 m2×year and on RD of 6.7 kJ. The impact
of producing this kilogram of FPCM on RD, for example, was
caused mainly by cultivation of concentrate ingredients, and
appeared lower than the average impact on RD of production
of 1 kg of broccoli in Spain.
Conclusions Integration of existing knowledge from diverse
science fields enabled an assessment of freshwater impacts
along the life cycle of a global food chain, such as Dutch milk
production, and appeared useful to determine its environmental
hotspots. Results from this case study support earlier findings
that LCA needs to go beyond simple water volume accounting
when the focus is on freshwater scarcity. The approach used,
however, required high-resolution inventory global data (i.e.
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especially regarding crop yield, soil type and root depth), and
demonstrated a trade-off between scientific quality of results
and applicability of the assessment method.
Keywords Animal production . Consumptive water use .
Life cycle assessment . Water footprint
1 Introduction
Freshwater is essential for human well-being and ecosystem
quality. Humans need water for drinking, food production and
hygiene, whereas it is indispensable to biodiversity and eco-
system functions such as the control of climate (Koehler
2008). The assessment of water footprints of a wide range of
products has increased awareness of preserving freshwater as
a resource (Chapagain et al. 2006; Chapagain and Orr 2009;
Mekonnen and Hoekstra 2010a; 2010b; Ridoutt et al. 2009).
The water footprint concept was originally introduced by
Hoekstra and Hung (2002) and is now defined by the Water
Footprint Network as the sum of the volumetric water use in
terms of green, blue and grey water along the entire life cycle
of a product (Hoekstra et al. 2009). Based on this concept,
Mekonnen and Hoekstra (2010b), for example, quantified that
industrial production of 1 kg of Dutch eggs required about
1,355 L of water, whereas the world average for production of
1 kg of cheese is 5,984 L of water. The original concept of the
water footprint, however, focuses onwater volume accounting
only and does not consider the environmental impact associ-
ated with water consumption (Ridoutt et al. 2010a). To deepen
the discussion of freshwater use along the life cycle of a
product, we propose it is important not to only quantify its
volumetric use but to also assess the environmental impact
associated with its use along the entire life cycle.
Green water, as defined by Hoekstra et al. (2009), refers
to precipitation on land that does not run-off or recharge an
aquifer and is stored in the upper part of the rooted soil or
temporarily stays on top of vegetation. This part of precip-
itation eventually can evaporate or transpire through soils
and crops or can be embodied in crop material. In case it
would not be cultivated, however, the natural ecosystem
might evaporate and transpire a similar amount of green
water. Green water use, therefore, does not generally have
an impact on the environment (Pfister et al. 2009; Milà i
Canals et al. 2009). Only possible changes in infiltration or
run-off, due to land use or management changes, might have
an impact on the environment.
Blue water use, as defined by Hoekstra et al. (2009),
includes consumptive water use. Water is considered con-
sumed if it is withdrawn from an aquifer, a lake or a river,
and not discharged into the same watershed because it
evaporates, is embodied in crop or animal products, or is
discharged into a different watershed (Bayart et al. 2010),
such as irrigation water evaporated by feed crops or tap
water used as drinking water for animals. Blue water use,
therefore, can have an impact on human health and ecosys-
tem quality or can result in depletion of water resources
(Pfister et al. 2009). The impact of freshwater use on human
health, ecosystem quality or resource depletion, however, is
site-specific. The effect of withdrawing 1 m3 of freshwater
on ecosystem quality, for example, could be, on average, 43
times higher in Egypt than in the Netherlands because of the
differences in water-limited plant growth and in annual
precipitation (Pfister et al. 2009).
Grey water use, as defined by Hoekstra et al. (2009),
refers to a virtual amount of water that is required to dilute
the load of pollutants based on existing water quality stand-
ards. Grey water use of an animal product, therefore, is an
indirect measure of the effect of producing that product on
water quality issues, such as eutrophication or eco-toxicity,
and should be considered in as such a life cycle assessment
of animal products.
This paper will focus on environmental impact associated
with consumptive freshwater use (i.e. blue water use) along
the life cycle of an animal product because water use of the
livestock sector (including feed production) exceeds 8 % of
the global water use (Steinfeld et al. 2006). Life cycle assess-
ment (LCA) typically is a technique that evaluates the envi-
ronmental impact of a product along its entire life cycle
(Guinee et al. 2002). Several recent papers contain the ele-
ments that enable the assessment of site-specific environmen-
tal impacts associated with freshwater use along the life cycle
of an animal product (Milà i Canals et al. 2009; Pfister et al.
2009; Bayart et al. 2010; Berger and Finkbeiner, 2010;
Ridoutt and Pfister 2010). In particular, Milà i Canals et
al. (2009) identified the main impact pathways of fresh-
water use in agricultural production, and Pfister et al.
(2009) determined corresponding characterization factors
for 175 countries in the world and their different watersheds.
Furthermore, the UNEP-SETAC life cycle initiative (Bayart et
al. 2010) has established a framework including harmonised
terminology, and AQUASTAT can be used to determine con-
sumptive water use of feed crops, often originating from all
over the world (Eliasson et al. 2003). The objective of this
paper was to integrate this recent knowledge to assess the
environmental impact associated with consumptive freshwa-
ter use along the life cycle of a global animal food chain. We
took Dutch milk production in Noord-Brabant as a case study.
2 Material and methods
2.1 Definition of basic terminology
This paper focuses on environmental impact associated with
consumptive freshwater use (i.e. blue water use). Consumptive
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water use includes water withdrawn from a watershed (i.e.
aquifer, stream, lake) that is not discharged into the
same watershed because it evaporates, is embodied in
crop or animal products or is discharged into a different
watershed. Degradative water use means that water is with-
drawn and discharged into the same watershed, while in the
mean time its quality is degraded (Bayart et al. 2010). Degra-
dative use of freshwater might result in water pollution, such
as eutrophication or eco-toxicity, and should be considered
separately in an LCA of animal products.
Consumptive water use can include both in-stream and
off-stream water use. In-stream freshwater use is in situ use
of water for, e.g., hydropower generation; whereas off-
stream water use is the use of water that is first removed
from a natural water body. Examples of in-stream and off-
stream consumptive water use along the life cycle of animal
products are in Table 1.
Furthermore, freshwater is a generic term covering all
types of freshwater resources. Three main types of (abi-
otic) resources are distinguished: deposits, funds and
flows (Finnveden 1996; Guinée et al. 2002; Lindeijer
et al. 2002). A deposit or stock is a resource that is
only very slightly or not regenerated within a human's
lifetime, like a fossil fuel (regeneration rate around
zero). A freshwater deposit, therefore, is exhausted
when tapped. A fund has a natural renewability that
allows it to regenerate as long as it is not irreversibly
impaired (low regeneration rate). Water aquifers are
considered as a deposit or a fund. Lakes are considered
as a fund, whereas streams and rivers as water flows.
They form a continuous water flow from which humans
can withdraw certain quantities (high regeneration rate).
In principle, a water flow is non-exhaustible. However,
withdrawing more than 50–80 % of the annual water
flow (the exact figure depending on the local condi-
tions) leads to water stress, as water is also required
for environmental use and ecosystem services (Smakthin
et al. 2004; Oki and Kanae 2006).
2.2 The case of Dutch milk production
The methodology was illustrated for a Dutch milk produc-
tion unit in Noord-Brabant. We assessed the environmental
impact associated with freshwater use along the life cycle of
milk production up to the moment that milk leaves the farm
gate for the year 2008. This cradle-to-farm gate LCA
(Fig. 1) included freshwater use related to cultivation of
crops used to produce purchased feed (i.e. concentrates
and roughage), the processing of concentrates at the feed
mill, production of energy and artificial fertiliser purchased
by the dairy farm, on-farm cultivation of grass or maize, and
water required for dairy cattle husbandry (e.g. drinking and
cleaning water). Freshwater use related to transport of feed
ingredients to the feed mill and from the feed mill to the
farm were included also.
LCA relates the environmental impact to a functional
unit, which is the main function of the production system
expressed in quantitative terms. Freshwater use impacts
were fully allocated to the functional unit of 1 kg of fat-
and-protein corrected milk (FPCM; CVB 2008).
General characteristics of the model dairy farm analysed
are presented in Table 2. The model farm was assumed to be
situated on loamy sand in the province of Noord-Brabant
(Latitude: 52°; Longitude: 5°). In total, each dairy cow used
about 2.6 tonnes of concentrates per year (i.e. 90 % dry
matter (DM)). Table 3 shows the average composition of
concentrates assumed, the country in which the original crop
of each feed ingredient was assumed to be cultivated
(Nevedi 2008; PDV (2010) Product board for Animal Feed,
Table 1 Examples of consumptive use of in-stream and off-stream
water in the life cycle of animal products
In-stream use Off-stream use
Additional evaporation of water
from rivers due to transport of
feed or hydropower generation
(if used)
Evapotranspiration of blue water
during cultivation of feed
ingredients
Evaporation of water during
in-stream electricity production
Unused irrigation water discharged
into a different watershed.
Water embodied in crop or animal
products
Use of tap water for industrial or
agricultural processes
Grass/maize
cultivation
Dairy
husbandry
Production
energy
sources
Production
artificial
fertiliser
Crop cultivation 
Processing
concentrates
MilkAnimals
Dairy farm
system boundary processes not included
Fig. 1 Processes (including transport) along the life cycle of milk
production included in consumptive water assessment
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personal communication), the kilogram DM of the original
crop required to produce 1 kg DM of feed ingredient and the
economic allocation factor used. Economic allocation
implies that the environmental impact of crop cultivation
or crop processing was allocated to various crop products
based on their relative economic value. We used economic
allocation for production of feed ingredients because this
allocation method is mostly used in LCAs of milk products
(De Vries and de Boer, 2010) and recommended by Inter-
national Dairy Federation guide for LCA (IDF, 2010). Water
use required for cultivation of citrus pulp and palm kernel
expeller was excluded from the analysis due to their low
economic allocation factor.
2.3 Computation of consumptive freshwater use
along the life cycle of milk production
For each stage in Fig. 1, we describe how different forms of
consumptive water enter or leave the stage and how we
computed this water use. Subsequently in “Section 2.4”
we describe how to determine the environmental impact
associated with this water use.
2.3.1 Consumptive freshwater use required for crop
and pasture cultivation
The amount of freshwater required to cultivate a crop that is
used to produce animal feed can originate from precipitation
on land (i.e. rainfed situation) or, if water demand for crop
growth exceeds the availability of rainwater, from supple-
mental irrigation. We assumed all irrigation water being
consumptive water use, i.e. implying that irrigation losses
did not return to the same watershed, which represents a
worst-case scenario.
Besides irrigation water, crop production indirectly uses
consumptive water because it uses fertilisers and fossil
energy, i.e. inputs that require water during their production
process. Due to changes in crop management or land use,
infiltration and run-off of rainwater might change, which
might affect water availability of ecosystems.
In order to assess the environmental impact of fresh-
water use from cultivation of a crop, we summed (1)
the amount of consumptive water required to irrigate a
crop, (2) the amount of consumptive water required to
produce inputs for the cultivation of grass and maize
on-farm (i.e. artificial fertilisers, and fossil energy), and
(3) the change in infiltration and run-off of rainwater
due to changes in land use. Finally, the freshwater use
of 1 kg of DM feed ingredient was computed by mul-
tiplying the freshwater use of the original crop with the
amount of the original crop required to produce 1 kg DM
of feed ingredient and an economic allocation factor (see
Table 3).
(1) Irrigation water The amount of irrigation water required
during crop cultivation was computed based on regional
climatic data, information about soil type and actual yield
data (Fig. 2). In order to retrieve consistent data across
crops, we used global databases and models, as concentrate
Table 2 General characteristics of the dairy farm analysed
Characteristic (unit) Number
Quota (tonnes FPCM) 547
Hectares (ha) 23.3 grass, 8.7 maize
Number of milking cows (n) 56
Milk production per cow (kg FPCM year−1) 9,771
Concentrates (kg cow−1 year−1) 2,564
Purchased maize (tonnes DM year−1) 16.5
N-Fertilisation (kg N year−1) 4,613
P-Fertilisation (kg P2O5 year
−1) 423
Diesel use (L year−1 ) 3,500
Electricity use (kWh year−1) 50,107
Irrigation water used
Grassland 25–128 mm/haa
Maize land 21–62 mm/haa
Data are based on model dairy farm located in Noord-Brabant
FPCM fat-and-protein corrected milk (CVB 2008)
a Range from 2008 to 2010
Table 3 Relative share of vari-
ous feed ingredients in concen-
trate, country of origin, ratio of
kilogram DM of the original
crop required to produce 1 kg
DM of feed ingredient and eco-
nomic allocation factor used
AR Argentina, BE Belgium, BR
Brazil, IN India, ID Indonesia,
DE Germany, FR France, NL the
Netherlands
Ingredients % Country crop origin (%) Ratio Allocation
Citrus pulp 1.7 BR (76), USA (24) 9 0.03
Soybean expeller 12.0 BR (48), AR (52) 1.39 0.59
Molasses 4.3 IN (100) 4.4 0.30
Wheat 10.3 NL (31), FR (7), DE (46), BE (16) 1 0.85
Wheat middlings 8.9 NL (31), FR (7), DE (46), BE (16) 5.55 0.07
Palm Kernel expeller 24.9 ID (100) 1.90 0.01
Maize gluten feed 22.9 USA (16), FR (42), DE (42) 18.80 0.11
Rape seed expeller 15.1 DE (100) 2.71 0.23
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ingredients for dairy cows in the Netherlands originate from
all over the world.
First, based on national trade data, we quantified for each
feed ingredient the import percentages from various
countries (see Table 3). For example, 48 % of soybean
expeller was assumed to originate from Brazil and the
remaining 52 % from Argentina. In each country, we used
IFPRI grid data (You et al. 2000) to select those regions that
are responsible for 80 % of the national production. In each
region, we first choose the most common soil type from a
harmonised soil world database (FAO/IIASA/ISRIC/ISS-
CAS/JRC 2009). Within the entire area having this soil type,
we randomly choose a location in terms of degrees in latitude
and longitude.
Second, AQUASTAT (Eliasson et al. 2003) was used to
compute ETo (in millimetres per day) for that specific loca-
tion. ETo is the evapotranspiration of the reference crop (i.e.
grass) and was computed based on the classical Penman–
Monteith equation (Allen et al. 1998) and site-specific cli-
matic characteristics, which were available in a global data-
base (CRU CL 2.0; New et al. 2002) in AQUASTAT. This
database comprises monthly grid data of observed mean
climatic characteristics from 1961–1990 and covers the
global surface at a 10-min spatial resolution.
Third, we used AQUASTAT to compute the potential
evapotranspiration (ETp) of a crop over the growing period,
i.e. the evapotranspiration assuming maximum availability
of soil water (Allen et al. 1998). ETp (in millimetres per
period) was computed by summing up daily values of ETp
[t] (in millimetres per day) over the entire cropping period as
follows:
ETp ¼ ∫ETp t½  ¼ ∫Kc t½   ETo t½  ð1Þ
where Kc[t] is the crop coefficient at day t in the growing
period. The factor Kc is crop-specific, varies during the
growing period and is predefined in AQUASTAT. The start
and length of the growing period of a specific crop was
either taken from AQUASTAT or based on literature (Neta-
fim 2011; NDSU 2011). Fourth, we used AQUASTAT to
derive evapotranspiration of the crop under rainfed condi-
tions (ETrf). Rainfed agriculture generally implies that actual
amount of soil water is lower than the maximum amount of
soil water. ETrf is ETp corrected for lack of water in dryer
periods depending on soil moisture and, therefore, is smaller
than or equal to ETp. ETrf (in millimetres per period) was
computed by summing up daily values of ETrt [t] (in milli-
metres per day) over the entire cropping period, as the
following:
ETrf ¼ ∫ETrt t½  ¼ ∫Ks t½   ETp t½  ð2Þ
where the transpiration reduction factor Ks[t] (value between
0 and 1) is calculated on a daily basis as a function of the
maximum and actual available soil moisture in the root
zone. Quantification of Ks[t] requires additional information
on soil type and root depth. We used default values for
effective root depth as defined in AQUASTAT, except for
grass and maize production in the Netherlands. Effective
root depth of 0.2 for Dutch grass and 0.8 for Dutch maize
were derived from field experiments of grass and maize
production on loamy soils (Hoving and Van Riel 2003).
ETrf is an estimate for the amount of green water as referred
to in the water footprint terminology.
Fifth, from IFPRI grid data between 1995 and 2000 (You
et al. 2000), we retrieved an average actual yield for each
concentrate ingredient in a specific region (Ya). Actual yields
per region were averaged over the nation and compared with
the national average yield in 2008 (FAO 2011). Region-
specific yield data are scaled to fit the national average yield
of that crop in 2008 by multiplying with the ratio of national
average yield in 2008 over the national average across
1995–2000. Actual yields for grass (10.6 tonnes DM/ha)
and maize (16.5 tonnes DM/ha) on loamy soils were derived
from field experiments (Hoving and Van Riel 2003). Evapo-
transpiration related to the actual yield (ETa in millimetres
per period) was computed based on the relationship between
water supply and crop yield as described by Doorenbos and
Kassam (1979):
ETa ¼  1 Ya Yp
 
ky  1
  ETp ð3Þ
where Ya is the actual crop yield per hectare; Yp is the potential
crop yield per hectare; ky is the so-called yield response factor,
which is crop-specific and describes the relationship between
ET deficit and yield reduction; and ETp is the potential ET
requirement of the crop (in millimetres per period). The po-
tential crop yield (Yp) was computed based on the Agro-
Ecological Zone method of Doorenbos and Kassam (1979).
Country of production National trade data feed ingredients
Region(s) 80% national production IFPRI grid data
Exact location: olatitude olongitude
Evapotranspiration reference crop
ET0 → Penman–Monteith equation
Common soil type (random)
Site specific climatic data (AQUASTAT)
Potential Evapotranspiration crop
ETp=Kc × ET0
Growing period (AQUASTAT)
Crop coefficient (Kc;AQUASTAT)
Rainfed Evapotranspiration
ETrf = Ks × ETp
Actual Evapotranspiration
ETa = ((1 Ya /Yp)) 1) × ETp
k y
Yp potential yield (Doorenbos & Kassam,1979)
ky yield response factor
if ETa ≤ ETrf → IW = 0
otherwise → IW = (ETa ETrf)/Ireff Ireff irrigation efficiency (default 0.7) 
Ks transpiration reduction factor(soil type, root depth)
Fig. 2 Framework used to compute the amount of irrigation water (in
litres per growing period) needed to cultivate feed ingredients
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Finally, irrigation was assumed to be absent in case ETa ≤
ETrf. Otherwise, irrigation was computed as the difference
between ETa and ETrf divided by Ireff (i.e. (ETa − ETrf ) / Ireff),
where Ireff was the irrigation efficiency implying water loss
due to spraying, percolation or soil water transport. We as-
sumed a default irrigation efficiency (Ireff) of 0.7 for all crops
(Allen et al. 1998), except for grass and maize production in
the Netherlands. Field experiments of grass and maize pro-
duction on loamy soils showed an irrigation efficiency of 0.6
for grass and 0.8 for maize land (Hoving and Van Riel 2003).
The actual crop yield (DM per hectare) was used to calculate
consumption of irrigation water use in litres per kilogramDM.
(2) Freshwater use for crop inputs We included consumptive
water use related to production of artificial fertilisers and fossil
fuels (i.e. diesel, electricity) purchased by the model dairy farm
(see Table 2) and to production of energy required for process-
ing of concentrates, based on Ecoinvent (Ecoinvent 2004). The
Ecoinvent database, however, does not distinguish between
consumptive and degradative water use or the environmental
impact associated with water use. We, therefore, made the
following additional assumptions: only 5% of the coolingwater
was consumptive, 95 % was assumed to return to the original
water body (with an increased temperature); sea water was
excluded as its availability was assumed to be unlimited; and
turbine water was excluded as it is considered to be in-stream
water use (Batlles et al. 2010). All other water sources used
(from a lake, river, well or unspecified sources) were assumed
to be consumptive. These assumptions resulted in a consump-
tive water requirement of 4 L per L diesel, 1.3 L per kWh
electricity, 14.2 L per kg N fertiliser and 99.4 L per kg P2O5.
(3) Change in infiltration and run-off In this study, we
assumed no changes in infiltration and run-off due to changes
in crop management but included only changes in infiltration
and run-off due to changes in land use related to production of
soybean. For example, the estimated rainwater lost from a
forest is about 67 %, whereas in arable land, this is about
73 % (Mila-i-Canals et al. 2009). Changing forest into arable
land, therefore, results in a 6 % additional loss of rainwater.
We used 440,000 L per ha (presented by Milà i Canals et al.
(2009), who derived this number from Zhang et al. (1999)), as
a proxy for this 6 % additional loss of rainwater.
We assumed that 3.08 % of the soybean was produced
on land that was deforestated or transformed from Cerrado
(Prudêncio da Silva et al. 2010). For each hectare of soybean,
this fraction, therefore, was multiplied by 440,000 L.
2.3.2 Freshwater use required during dairy husbandry
Cows on a farm require water for drinking and cleaning
services. We assumed that each milking cow (including
young stock) required 145 L of drinking and cleaning
water per day (Ward and McKague 2007; Biewenga et
al. 2009).
2.3.3 Freshwater use during concentrate production
Water use during processing of the crop (remains) into con-
centrates at the feed mill was assumed 4.6 L per tonne con-
centrate produced (Agrifirm (2011) Feed company, personal
communication).
2.3.4 Freshwater use required for transport
We distinguished truck and ship transport. Consumptive
water use during truck and ship transport consisted of con-
sumptive water use related to fossil energy used for trans-
port and consumptive water use required for cleaning
transport equipment. The amount of consumptive water
required per tonne per kilometre transport was based on
Ecoinvent (Ecoinvent 2004). In order to determine con-
sumptive water use related to truck or ship transport, we
used the same procedure as described for energy sources or
artificial fertiliser (i.e. 5 % of cooling water; no sea and
turbine water; all other water sources). Expressed per tonne
per kilometre, consumptive water use was 0.652 L for truck
transport, 0.16 L for inland ship transport and 0.029 L for
transoceanic ship transport.
2.4 Environmental impact of consumptive use
The water stress index (WSI) can be used to assess the generic
impact of freshwater use or in other words the mid-point
indicator “water deprivation” (Pfister et al. 2009).WSI (values
range from 0.01 to 1) is a logistic function of the total annual
water withdrawal over total annual water availability, adjusted
for seasonal variability in precipitation and flows, in a water-
shed, a region or a country (Pfister et al. 2009). In order to
assess the generic impact of freshwater use on water depriva-
tion, we multiplied total consumptive water use in each coun-
try with the average WSI of that country (Table 4), summed
values across countries and related it to kilogram FPCM. The
final value was normalised by dividing by the global average
WSI of 0.602. Through this normalisation step, the final value
shows the impact of freshwater use along the life cycle of milk
relative to the impact of consumption of 1 L of water across
the globe (Ridoutt et al. 2010b).
To assess the specific potential environmental impact
related to freshwater use, we distinguished the impact on
human health, the impact on ecosystem quality and resource
depletion (Milà i Canals et al. 2009; Pfister et al. 2009). For
each impact category, the assessment procedure is described
below.
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2.4.1 Potential impact on human health
Two impact pathways for human health can be distinguished:
lack of freshwater for hygiene and human consumption and
water shortage for irrigation resulting in malnutrition. The
number of human deaths related to freshwater use for hygienic
or consumptive purposes mainly result from poor water quality
and generally not from water scarcity (Milà i Canals et al.
2009; Pfister et al. 2009). Because at this moment the link
between natural water resource availability and human health
is not clearly understood and extensively discussed, we omitted
this aspect in the current approach (Milà i Canals et al. 2009;
Pfister et al. 2009; Boulay et al. 2011b). We, however, stress
the importance of incorporating water quality issues, such as
human toxicity or eutrophication, in LCAs of food products as
they are generally lacking (De Vries and De Boer 2010).
The damage induced by water use regarding malnutrition
can be measured in disability adjusted life years (DALY).
Characterization factors for malnutrition (CFmal) are available
for 175 countries worldwide (Pfister et al. 2009). Table 4
presents CFmal for countries relevant in this study. The CFmal
is the expected specific damage per unit of water consumed
and is a function of WSI, the percentage of water used in
agriculture, the state of malnutrition in a country, the damage
caused by malnutrition and the amount of water required to
prevent malnutrition (Pfister et al. 2009). In order to assess the
impact of freshwater use on malnutrition, total consumptive
water use in each country was multiplied by the relevant
CFmal, summed across countries and related to 1 kg of FPCM.
2.4.2 Potential impact on ecosystem quality
Consumptive freshwater use can have an impact on the
quality of surrounding terrestrial ecosystems (Milà i Canals
et al. 2009; Pfister et al. 2009). In water-scarce ecosystems,
withdrawal of consumptive water eventually reduces avail-
ability of water for terrestrial systems and consequently
affects species diversity. Table 4 shows the damage induced
by consumptive water use regarding ecosystem quality for
each relevant country or in other words the characterization
factor for ecosystems quality (CFEQ). This characterization
factor is expressed in area-time equivalents of water
shortage-related vegetation damage in terms of net primary
production (in square meters per year per litre).In order to
assess the impact of freshwater use on ecosystem quality, total
consumptive water use in each country was multiplied by the
relevant CFEQ (see Table 4), values were summed across
countries and related to 1 kg of FPCM.
2.4.3 Impact on resource depletion
Exhaustion of a water resource can be caused by using
fossil ground water from a deposit or by overusing
water from a fund or flow. Pfister et al. (2009) com-
puted an aggregated value for the fraction of freshwater
use that contributes to depletion in 175 countries (see
Table 4). This characterization factor for resource deple-
tion of each country (CFRD) equals this aggregated
value times the energy required to desalinate 1 L of
sea water (unit CFRD therefore is kilojoule per litre). In
order to assess the impact of freshwater use on resource
depletion, total consumptive water use in each country was
multiplied by the relevant CFRD (see Table 4), values were
summed across countries and related to 1 kg of FPCM.
2.5 Sensitivity analyses
All calculations were programmed in Excel, enabling us to
perform a sensitivity analysis for selected parameters for our
approach. The estimation of the amount of irrigation water
required for on-farm grass and maize cultivation had a major
impact on our final results. Prediction of on-farm irrigation
water was, given a specific soil type, mainly determined by
crop yield and root depth. This justifies why we explored the
sensitivity of our approach regarding values used for actual
crop yield and effective root depth for grass and maize culti-
vation on loamy soils in the Netherlands only. Sensitivity to
actual crop yields was studied by exploring the effect of a
10 % deviation in grass and maize production per hectare.
Sensitivity for root depth was explored by studying the effect
of changing effective root depth from experimental values
assumed in this study to default values defined in AQUA-
STAT. Hence, root depth of grass was varied from 0.2 m
(value assumed) to 0.8 m (default value in AQUASTAT),
whereas root depth of maize was varied from 0.6 m (value
assumed) to 1.3 m (default value in AQUASTAT).
Table 4 Value for water stress index (dimensionless, ranging from 0 to 1)
and specific characterization factors for human health (CFHH in 10
−9
disability adjusted life years/L), ecosystem quality (CFEQ in 10
−3 m2 ×
year/L) and resource depletion (CFRD in kilojoules per litre) used for
relevant countries (Pfister et al. 2009)
Country WSI CFHH CFEQ CFRD
Germany 0.120 0.000 0.155 0.000
Belgium 0.715 0.000 0.157 0.000
France 0.181 0.000 0.146 0.027
Netherlands 0.306 0.000 0.193 0.000
Brazil 0.066 0.020 0.089 0.045
Argentina 0.352 0.036 0.475 0.954
Thailand 0.534 0.159 0.132 0.000
USA 0.499 0.002 0.310 1.870
India 0.967 2.240 0.397 2.820
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3 Results and discussion
3.1 Environmental impact of consumptive water
Table 5 shows the consumptive water use, the generic impact
on water deprivation and the specific impact on human health,
ecosystem quality and resource depletion per kilogram
FPCM. The total amount of consumptive water used along
the life cycle of milk produced on the model farm was 66 L
per kg FPCM. About 74 % of this water was used to irrigate
grass and maize land on the farm itself; 15 % was used to
produce concentrates; 2 %, to produce purchased maize; and
8 % was drinking and cleaning water. Consumptive water use
for transport and production of purchased diesel, electricity
and fertiliser was only 1 %.
The generic impact of production of 1 kg of FPCM was
about 33 L (H2O-e), implying that production of 1 kg of
FPCM had an equivalent impact on water deprivation as
direct consumption of 33 L water by an average world
citizen. The majority of this impact was due to production
of roughage (77 %) and concentrates (15 %).
Use of water to irrigate grass or maize land in the Nether-
lands, however, has no impact on human health and resource
depletion (i.e. characterization factors for HH and RD were
zero, see Table 4). Production of 1 kg of FPCM on the model
farm, therefore, had small impact on human health (i.e. 0.8×
10−9 DALY per kg FPCM). This impact mainly originated
from production of molasses in India. The environmental
impact of consumptive water use on resource depletion was
6.7 kJ per kg FPCM and mainly originated from production of
maize gluten meal in the USA.
Use of water to irrigate grass or maize land in the Nether-
lands, however, does have an impact on ecosystem quality
(i.e. characterization factor for EQ was 0.193×10−3 m2×
year/L, see Table 4). The environmental impact of consump-
tive water use on ecosystem quality was 12.9×10−3 m2×
year per kg FPCM and resulted for 75 % from irrigation of
grass and maize land on the model farm and for 17 % from
production of purchased concentrate ingredients.
The model farm was located in the province of Brabant,
where grass and maize land is commonly irrigated. In many
other regions in the Netherlands, however, irrigation of
grass and maize land is far less common (Hoogeveen et al.
2003). In case we omitted on-farm irrigation of grass and
maize land, production of 1 kg of FPCM required 16 L of
water, the generic impact on water deprivation was 7.9 L
H2O-e, whereas the impact on EQ was 3.2×10
−3 m2×year.
The impact on HH or RD did not change as a result of
omitting on-farm irrigation. Ridoutt et al. (2010b) estimated
a consumptive water use of 14.4 L per kg of milk produced.
Farms analysed by Ridoutt et al. (2010b) were located in a
region of Australia with plentiful water and, consequently,
no irrigation water was used for on-farm roughage produc-
tion. About 83 % of this 14.4 L was assumed to be retrieved
locally with an extremely low WSI of 0.013 (national WSI
is 0.402), resulting in a generic impact on water deprivation
of only 1.9 L H2O-e.
So far, no literature has been published regarding specific
environmental impact associated with consumptive water use
in milk production. Mekonnen and Hoekstra (2010a,b), how-
ever, state that “from a freshwater resource perspective, it is
more efficient to obtain calories and protein through crop
products than through animal products”. We, therefore, com-
pared our results with results of broccoli production in Spain
and UK. Production of 1 kg of broccoli resulted in a con-
sumptive blue water use of 125–175 L in Spain and of 10–
60 L in UK (Milà i Canals et al. 2010). In order to determine
the environmental impact associated with this consumptive
water use, we assumed all water was retrieved within the
country. Production of 1 kg of broccoli in Spain had a generic
impact of 148–208 L H2O-e, whereas the impact on HH was
zero, the impact on EQ was 43–78×10−3 m2×year and the
impact of RD was 219–306 kJ. Production of 1 kg of broccoli
in UK had a generic impact of 6.6–39.4 L H2O-e, whereas the
impact on HH was zero, the impact on EQ was 1–6.8×
10−3 m2×year and the impact of RD was 5.9–35.3 kJ.
Production of 1 kg of broccoli in Spain had a higher generic
impact and a higher impact on RD and EQ than production of
1 kg of FPCM in the model farm in the Netherlands. Produc-
tion of 1 kg of broccoli in UK, however, had a lower to similar
generic impact, a higher impact on RD, and a lower impact on
EQ. As the protein content of milk and broccoli appears rather
similar, these comparisons do not change when a functional
unit of 1 kg of protein was used.
3.2 Comparison of results with water footprint concept
of Hoekstra
Mekonnen and Hoekstra (2010b) estimated that production
of 1 kg of Dutch milk (1–6 % fat), on average, required
Table 5 Consumptive water use (in litres), generic impact (in litres
H2O-equivalants) and the impact on human health (in 10
−9 disability
adjusted life years), ecosystem quality (in 10−3 m2 × year) and resource
depletion (in kilojoules per kilogram) of fat-and-protein corrected milk
Stage of life cycle CWU GI HH EQ RD
On-farm grass cultivation 36.8 18.7 0 7.1 0
On-farm maize cultivation 12.1 6.2 0 2.3 0
Off-farm maize cultivation 1.4 0.7 0 0.3 0
Production concentrates 10.3 4.9 0.8 2.2 6.7
Dairy husbandry: drinking/cleaning 5.4 2.8 0 1.0 0
Energy sources/fertilizer 0.3 0.2 0 0.1 0
Transport 0 0 0 0 0
Total 66.4 33.4 0.8 12.9 6.7
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544 L of water, of which 477 L was green water, 42 L blue
water and 25 L grey water. Our estimate of 66 L blue water
per kg FPCM was higher than 42 L from Mekonnen and
Hoekstra (2010b) mainly because our model farm intensive-
ly irrigated on-farm grass and maize land, and Mekonnen
and Hoekstra (2010b) modelled an average Dutch dairy
farm. If we would have situated our model farm on a soil
less sensitive to drought, consumptive water use was esti-
mated at 16 L per kg FPCM only.
3.3 Changes in infiltration and run-off
The change in infiltration and run-off resulting from
changes in land use with respect to soybean production
appeared negligible. Per kilogram FPCM, this change was
only 0.28 L. In future computations, therefore, this aspect
can be ignored, unless deforestation related to feed produc-
tion will increase.
3.4 Sensitivity analysis
The effect of variation in root depth (grass from 0.2–0.8 m,
maize from 0.8–1.3 m) on predicted values for irrigation
water per hectare (in millimetres per hectare) are presented
in Fig. 3 for grass and maize production in the Netherlands.
As root depth increased, predicted irrigation water use de-
creased, for grass from 86 to 14 mm/ha and for maize from
76 to 32 mm/ha. This has a large impact on prediction of
consumptive water use and hence the environmental impact
associated with this consumptive water use. In case we used
AQUASTAT default values for root depth (i.e. grass 0.8 m,
maize 1.3 m) instead of experimental values (i.e. grass
0.2 m, maize 0.8 m), consumptive water use per kilogram
of milk decreased from 66 to 28 L. Hence, assumptions
regarding root depth of grass and maize have a major impact
on predicted values for irrigation water requirements.
Similarly, decreasing or increasing actual yield for grass
and maize production per hectare by 10 % decreased or
increased consumptive water use by 52 %. A correct predic-
tion of irrigation water requirements for feed crops, therefore,
requires detailed knowledge of crop parameters, such as crop
yield, soil type and root depth.
For production of concentrates, we used default values
for root depth as given in AQUASTAT, which might have
resulted in underestimation of consumptive water use for
production of concentrates. This underestimation, however,
is smaller than the default values used for root depth in grass
and maize production because concentrates have a relatively
high share of co-products (i.e. low economic allocation value;
see Table 3).
3.5 General discussion
This study focussed on the mid-point and end-point envi-
ronmental impacts related to consumptive freshwater use of
milk production. We used a specific set of characterization
factors developed by Pfister et al. (2009), as they present
both mid-point and end-point factors for various countries
of our interest. This choice, however, might affect final
results. It was outside the scope of this research to explore
variability in freshwater impacts resulting from applying
different sets of characterization factors (e.g. Motoshita et
al. 2011; Boulay et al. 2011b). We excluded impacts of
degradative water use, which refers to withdrawal of water
from a watershed and the discharge of this water with
degraded quality into the same watershed (Bayart et al.
2010). Until recently, the impact of degradative water use
in an LCA of, for example, milk production could be only
partly addressed in the impact categories human or terres-
trial eco-toxicity and eutrophication. In 2011, Boulay et al.
(2011a,b), however, published a framework and character-
ization model to assess the impact of consumptive and
degradative water use on human health, which enables
including degradative water use impacts in future LCAs.
Water use related to milk production mainly results from
irrigation of feed crops. Possible degradation of water used
for irrigation, however, not only affects human health but
also results in soil salinity (Kahn and Hanjra, 2008), an
impact not included in this newly developed method yet.
Results showed that consumptive water use per kilogram
FPCM, on our model farm, was mainly due to irrigation
water required to cultivate grass and maize on-farm. Reduc-
ing irrigation requirements for grass and maize production,
therefore, could decrease consumptive water use per kilo-
gram of FPCM. Irrigation requirement for Dutch grass and
maize production might be reduced by breeding for crops
with low water requirements or using techniques that
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Fig. 3 Predicted values for irrigation water (y-axes in millimetres per
hectare, i.e. in litres per square metre for the entire hectare) for pro-
duction of grass and maize in the Netherlands for varying values of
effective root depth (x-axes in metres)
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increase irrigation efficiency. Use of irrigation water during
Dutch grass and maize production, however, will affect only
ecosystem quality because national characterization factors
for HH and RD in the Netherlands are zero.
In this study, we used national instead of site-specific
characterization factors for two reasons. First, our objective
was to demonstrate that by integrating knowledge from
diverse science fields, we were able to assess environmental
impacts related to freshwater use along a global food chain,
such as production of Dutch milk. We took a model farm in
Brabant as a case study only. Second, the exact location of
purchased feed ingredients was unknown. We assumed feed
ingredients originated from diverse regions in a country and,
therefore, used national characterization factors. If we want
to compare freshwater impacts of specific dairy farms in
future research, we need to invest in gathering more specific
global data, especially about feed production (exact compo-
sition of concentrates, exact production location of feed
crops, exact crop yields, soil type etc.). Once such high-
resolution global data are available, the use of site-specific
instead of national characterization factors will further refine
the assessment of site-specific environmental impacts of
milk-producing units. As pointed out by Berger and Fink-
beiner (2010), we realise the need to balance the effort (e.g.
costs) to gather high-resolution global data and the need of
applicability for the assessment method.
Dutch milk production showed a lower environmental
impact on EQ and RD than, for example, broccoli produc-
tion in Spain. This resulted from the relatively high irriga-
tion requirements of Broccoli and the relatively high
characterization factor for EQ and RD in Spain. The total
footprint of Spanish broccoli (including green water use),
however, was much lower (261 L) than that of average
Dutch milk (544 L) (Mekonnen and Hoestra 2010a;
2010b). The volumetric water footprint, therefore, does not
yield information about the environmental impact associated
with freshwater use. Results, therefore, support earlier find-
ings (Ridoutt et al. 2010b; Ridoutt and Pfisters 2010) that
LCA needs to go beyond water volume accounting when the
focus is on freshwater scarcity.
4 Conclusions
Integration of existing knowledge from diverse science
fields enabled an assessment of freshwater impacts along
the life cycle of a global food chain, such as Dutch milk
production, and appeared useful to determine its environ-
mental hotspots. Production of 1 kg of FPCM on a Dutch
dairy farm of 32 ha, that intensively irrigated grass and
maize, required 66 L of consumptive water. About 76 %
of this water was required for irrigation during roughage
cultivation (mainly on-farm), 15 % for production of
concentrates and 8 % for drinking and cleaning. Consump-
tive water use related to production of purchased diesel, gas,
electricity and fertiliser was negligible (i.e. total 1 %). Pro-
duction of 1 kg of FPCM resulted in an impact on human
health of 0.8×10−9 DALY, on ecosystem quality of 13
10−3 m2×year and on resource depletion of 6.7 kJ. The
impact on resource depletion was lower than the environ-
mental impact of production of, for example, 1 kg of broc-
coli in Spain or UK. Results from this case study, therefore,
support earlier findings that LCA needs to go beyond simple
water volume accounting when the focus is on freshwater
scarcity. The approach used, however, required high resolu-
tion inventory global data (i.e. especially regarding crop
yield, soil type and root depth) and demonstrated a trade-
off between scientific quality of results and applicability of
the assessment method.
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